To study gene regulation during the transition from late embryogeny to germination, we have analyzed the expression of a gene encoding the glyoxylate cycle enzyme malate synthase in transgenic tomato (Lycopersicon esculentum) plants. We have shown that although there are at least four classes of malate synthase genes in Brassica napus L., one gene is expressed at a high level during both late embryogeny and postgermination. Analyses of transgenic tomato plants containing the expressed B. napus gene along with 4.7 and 1.0 kilobase pairs of 5' and 3' flanking sequences, respectively, confirmed that a single gene is expressed at both stages of development. Furthermore, localization studies have shown that mRNA encoded by the B. napus gene is distributed throughout the tissues of a mature embryo but is not detected in the vascular cylinder of a seedling. We conclude that the sequences required to qualitatively regulate the gene correctly over the plant life cycle are present within the transferred gene and/or flanking regions. Moreover, the malate synthase gene is regulated differently during late embryogeny and postgermination in the developing vascular cylinder.
There are substantial differences in the physiological and morphological processes that occur during late embryogeny and postgermination (reviewed in ref. 2) . For example, late embryogeny is characterized by a decline in embryo water potential, a decrease in metabolic rates, chlorophyll loss, and the stabilization of cellular structures in a desiccated state. By contrast, following the rehydration of dry seeds, a rapid increase in metabolic rates occurs, storage reserves including lipids and proteins are mobilized to provide nutrients for the seedling, and growth occurs by both cell expansion and cell division. These changes in large part reflect different patterns of gene expression (6, 10, 15) ; distinct sets of mRNAs have been shown to accumulate primarily during late embryogeny or during germination and postgermination (5, 18, 19) . Moreover, analysis of the specific transcripts produced in dry seed nuclei indicates that the repression of genes expressed during ' This work is supported in part by grants from the National Science Foundation, USDA Competitive Grants Program, and the University of California Biotechnology Research and Education Program. This paper is dedicated to Professor Harry Beevers in honor of his retirement.
late embryogeny and the activation of genes expressed primarily during postgermination occur after seeds are rehydrated (5) . Thus, seed imbibition appears to initiate processes that induce a shift from a late embryonic to a germinative/ postgerminative program of gene expression during normal plant development.
To understand the processes that operate during the transition from embryogeny to germination, we are studying the regulation of genes encoding the glyoxylate cycle enzyme malate synthase (E.C. 4.1.3.2) in Brassica napus L. Malate synthase functions primarily during seed germination and postgermination by catalyzing a reaction involved in the mobilization of storage lipids (31) . As predicted by this role in postgermination, malate synthase mRNA, protein, and enzymatic activity attain maximal levels in the cotyledons of seedlings and are not detected in leaves of a mature plant (4, 12, 27, 29, 32, 33) . However, we and others have also shown that malate synthase mRNA and protein accumulate initially during late embryogeny and are stored in dry seeds (4, 26, 32) . Because malate synthase accumulates during late embryogeny and postgermination, understanding the mechanisms regulating the genes should provide information about processes involved in controlling the transition from embryogeny to germination. In this regard, we have shown previously that the expression of malate synthase genes is regulated primarily at the transcriptional level (4) .
We have identified four classes of malate synthase genes in B. napus and obtained the nucleotide sequence of one gene that is highly expressed in both embryos and seedlings. Our studies show that although this single gene is expressed during late embryogeny and postgermination of B. napus and transgenic tomato plants, mRNA encoded by the gene are distributed differently in mature embryos and seedlings. The implication of these studies to the regulatory programs that operate during the transition from embryogeny to germination is discussed.
conditions. For germination studies, tomato seeds were incubated in the dark at 25°C on moist filter paper in Petri dishes. At specified times after the start of imbibition, seedlings without seed coats were frozen immediately in liquid nitrogen for RNA isolation.
Nuclear DNA Isolation and DNA Gel Blot Hybridization B. napus nuclear DNA was isolated and DNA gel blot hybridization experiments were performed as described previously (3). Tomato nuclear DNA was isolated using the hexadecyltrimethylammonium bromide method (9) .
Nuclear DNA Library and Genomic Clone Isolation B. napus nuclear DNA was partially digested with Sau3AI, and fractionated DNA fragments with an average size of 20 kb2 were cloned into the BamHI site of the bacteriophage lambda vector Charon 35 (23) using standard protocols (20) . Malate synthase genomic clones were isolated from the library using the insert from the malate synthase cDNA clone, pMS 19, in plaque hybridization experiments (3) .
DNA Sequencing
A nested set of deletions of the malate synthase gene was generated by exonuclease III digestion protocols and the gene was sequenced in both directions using methods described previously (3) .
Plant Transformation
The 8.7 kb XhoI fragment containing the MS-A gene (see Figure 1 ) was inserted in both orientations into the SalI site of the vector pMON200 (13) . The constructions were integrated into the Ti plasmid present in Agrobacterium tumefaciens strain GV3111 = C58C1 by triparental mating (13) . Tomato seeds were germinated aseptically on MS salts (Gibco) containing 3% sucrose, B5 vitamins, 0.8% agar, pH 5.8. Cotyledons of seedlings grown for 14 d were co-cultivated with A. tumefaciens as described by McCormick et al. (24) . Regenerated plantlets were selected on media containing kanamycin (100 ,ug/mL), transferred to soil, and grown in the greenhouse.
RNA Isolation
Total and polyadenylated RNA were isolated using procedures described previously (18) or using the following modification of these methods. Two hundred to 500 mg of frozen tissue was pulverized in liquid nitrogen and transferred to a polypropylene tube containing 2 mL of extraction buffer (100 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 0.5% SDS, pH 9). One milliliter of phenol saturated with 100 mM Tris, 100 mM NaCl, 1 mM EDTA, pH 9 and prewarmed to 65°C was added, and the mixture was shaken vigorously for Following visualization by autoradiography, the extension products were excised from the dried gel and cpm determined in a liquid scintillation counter. Malate synthase mRNA levels were calculated based upon the specific activity of the endlabeled oligonucleotide and the cpm recovered from the gel. Quantitation of malate synthase mRNA was linear over the range of 0 to 40 ug of total RNA from B. napus seedlings grown for 3 DAI.
In Situ Hybridization
In situ hybridization was performed as described in Dietrich et al. (8) . Dry seeds were imbibed for 1 h or less in 1% glutaraldehyde in 0.05 M cacodylate, pH 7.0, in order to remove seed coats. The malate synthase and ribosomal RNA probes were labeled to specific activities of 1-2 x 108 and 1.5 x 107 cpm/,ug, respectively. The ribosomal RNA clone was kindly provided by M. Delseny (7) .
Enzyme Activity
Malate synthase activity in B. napus and tomato plants was measured as described by Ettinger and Harada (12 (3) . To identify these genes, genomic clones were isolated from a lambda library of B. napus nuclear DNA using the malate synthase cDNA clone, pMSl9 (3). Seventy-two clones containing malate synthase genes were grouped into the three classes represented diagrammatically in Figure 1 based upon the sizes ofthe cloned fragments that hybridize with the probe. Restriction site differences in regions flanking the MS-C genes further subdivided these genes into two subclasses. Figure 2 compares the hybridization of leaf nuclear DNA (lane 1) and the cloned genes designated MS-A, MS-B, and MS-C (lanes 2-4, respectively) with a malate synthase cDNA clone. are located at identical positions within the protein coding region (16) . Because malate synthase mRNA accumulates not only during postgermination but also during late embryogeny, we asked whether the same malate synthase gene is expressed in embryos. As shown in Figure 4 , mRNAs from dry seeds (DS) which represent transcripts synthesized during late embryogeny and from seedlings (S) grown for 3 DAI were hybridized with genomic clones representing the three malate synthase gene classes that had been labeled to equivalent specific radioactivities. Each genomic clone reacted with the 2.1 kb malate synthase mRNA present in dry seeds and seedlings as well as other mRNAs that may correspond to non-homologous genes present on the genomic clone. Of the three genes, MS-A hybridized with greatest intensity to malate synthase mRNA from both embryos and seedlings (compare lanes 1-2 with lanes 3-6). Higher temperature washes of the RNA gel blots confirmed that the malate synthase mRNA present in dry seeds and seedlings share the greatest sequence similarity with the MS-A gene (data not shown Figure 6B , the time course of endogenous malate synthase enzyme activities differ in B. napus and tomato. However, comparison of Figure 6 , B and C, shows that the levels of mRNA encoded by the B. napus MS-A gene and by the endogenous tomato gene(s) are modulated similarly. Thus, the lag period separating the increase in malate synthase mRNA level and enzyme activity is significantly longer in tomato.
We confirmed the prediction that this single gene from B. napus is also expressed during embryogeny. Figure 5 Figure 5 , legend). DNA gel blots in Figure 5A show that the six transgenic plants each contain approximately [1] [2] [3] 4) and is given by the thin solid line. Malate synthase enzyme activity in non-transformed tomato seedlings (thick dashed line) represent the average of 10 independent determinations. The time course of malate synthase enzyme activities in B. napus seedlings (thin dashed line) is taken from Ettinger and Harada (12) . C, Accumulation of malate synthase mRNA in nontransformed tomato seedlings. RNA gel blots containing 10 jig of total RNA from dry seeds (O DAI), seedlings grown for 1-6 DAI, and leaves (LV) of non-transformed VF36 tomato plants were hybridized with B. napus malate synthase cDNA clone pMS1, at a low hybridization criterion (30% formamide, 1 M Na+, 420C). Our results showed that the malate synthase gene, MS-A, is expressed at a high level during embryogeny and postgermination in B. napus and transgenic tomato plants. To study further the regulation of this gene, we analyzed its spatial pattern of expression using in situ hybridization protocols. Figure 7A shows a longitudinal section through the axis of a mature B. napus embryo from a dry seed that was hybridized with an antisense RNA probe to MS-A. As indicated by the position of the white silver grains in the dark-field photomicrograph shown in Figure 7B , malate synthase mRNA accumulates throughout the tissues of the axis. By contrast, Figure  7 , D and E, shows that malate synthase mRNA is prevalent in the epidermis and ground tissue of the axis of a seedling grown for 1 DAI but is present at a lower level in the vascular cylinder. Figure 7 , C and F, shows that a sense RNA probe identical in sequence to MS-A mRNA does not bind significantly to the sections. Thus, malate synthase genes are expressed differently during embryogeny and postgermination in the developing vascular cylinder.
In principle, the distribution of malate synthase mRNA in 5.7 aAverage of three independent determinations. bRatio of the mass of B. napus malate synthase mRNA to the mass of total RNA in transgenic tomato seedlings. Data from Figure 5 .
c Numbers in parentheses are the fold increase in activity over non-transformed seedlings.
d Enzyme activity is not significantly different from that in non-transformed plants.
e Enzyme activities in plants Ti and T3 differ significantly from activity in non-transformed plants at the 96 and 98% confidence level, respectively.
B. napus could result from the expression of several members of the gene family ( Figs. 1 and 2) . Therefore, parallel experiments were performed with transgenic tomato plants containing the MS-A gene. Figure 7 , G and H, shows the hybridization of MS-A antisense RNA with a longitudinal section through a dry seed from the transgenic tomato plant T3. MS-A mRNA accumulates throughout the mature embryo, including the procambium, and in the endosperm of the dry seed. The hybridization of a comparable section with a ribosomal RNA probe (Fig. 7, M and N) showed that MS-A mRNA and rRNA are distributed similarly in the dry seed although at different levels (see Fig. 7, legend) . In transgenic tomato seedlings grown for 1 DAI, MS-A mRNA accumulates in storage parenchymal, epidermal, and cortical cells, but similar to B. napus, the mRNA is not detected in the vascular cylinder of the seedlings or in the endosperm (Fig. 7, J (Fig. 7, 0 and P). Figure 7 , I and L, shows that the endogenous malate synthase mRNA present in non-transformed tomato dry seeds and seedlings, respectively, do not react with the B. napus probes. These results suggest that during the transition from late embryogeny to postgermination, a switch in malate synthase gene expression occurs in the procambium/vascular cylinder. Figure 5 ). Second, similar to B. napus, MS-A mRNA levels are modulated during postgermination ( Figure 6 ). Third, MS-A mRNA is localized in transgenic tomato seeds and seedlings as it is in B. napus ( Figure 7) . These results indicate that the cis-acting sequences that play a major role in regulating the gene are likely to reside within the gene and/or flanking regions that were transferred into the plants. Similar results showing the expression of a cucumber malate synthase gene in seedlings of transgenic tobacco and petunia plants have been reported recently by Graham et al. (17) . Their results suggest that the cis-acting sequences regulating the malate synthase gene are localized in the 5' flanking region.
The spatial distributions of B. napus malate synthase mRNA in mature embryos and seedlings oftransgenic tomato plants provide information relevant to the two models of gene regulation. The presence of malate synthase mRNA in the procambium of mature embryos and its absence from the vascular cylinder of seedlings ( Figure 7 ) demonstrates a temporal switch in malate synthase gene regulation that occurs following germination. The procambial tissue of the mature embryo undergoes extensive differentiation following germination to form the stele of the seedling axis (1 1) . The signals that fail to activate or repress malate synthase genes in the vascular cylinder of seedlings may be generated by histodifferentiation events and/or the depletion of storage lipids from this tissue.
In contrast to the developing vascular cylinder, the similar distribution of malate synthase mRNA in the epidermal and ground tissues of mature embryos and seedlings does not provide support for or against either model ofgene regulation. is complex. For example, one tissue-specific regulatory element may operate during late embryogeny while another may function during postgermination. Other genes expressed in plants have been shown to be regulated through combinatorial mechanisms (1) . Alternately, the results may indicate simply that the gene is regulated by a common mechanism during late embryogeny and postgermination in the epidermal and ground tissues. Resolution ofthese issues will ultimately come with the identification of the cis-acting regulatory sequences and trans-acting factors that regulate this gene.
